Bacillus subtilis swims in liquid media and swarms over solid surfaces, and it encodes two sets of flagellar stator homologs. Here, we show that B. subtilis requires only the MotA/MotB stator during swarming motility and that the residues required for stator force generation are highly conserved from the Proteobacteria to the Firmicutes. We further find that mutants that abolish stator function also result in an overproduction of the extracellular polymer poly-␥-glutamate (PGA) to confer a mucoid colony phenotype. PGA overproduction appeared to be the result of an increase in the expression of the pgs operon that encodes genes for PGA synthesis. Transposon mutagenesis was conducted to identify insertions that abolished colony mucoidy and disruptions in known transcriptional regulators of PGA synthesis (Com and Deg two-component systems) as well as mutants defective in transcription-coupled DNA repair (Mfd)-reduced expression of the pgs operon. A final class of insertions disrupted proteins involved in the assembly of the flagellar filament (FliD, FliT, and FlgL), and these mutants did not reduce expression of the pgs operon, suggesting a second mechanism of PGA control.
M
any bacteria swim in liquid or swarm over solid surfaces by rotating flagella. Flagella are complex molecular machines comprised of over 30 proteins that self-assemble to transit the cell envelope. Flagellar assembly begins with the basal body that serves as the membrane-anchored foundation and the secretion conduit for the subunits of the subsequent stages: the universal joint hook and the long helical filament (1) . Once assembled, the filament is rotated like a propeller through a 360°angle at speeds of 100 to 1,000 revolutions per second (2) . Flagellar rotation occurs when the energy of the proton motive force is converted into a physical interaction between the rotor, a ring of proteins connected to the flagellar basal body, and a series of 8 to 11 stator complexes anchored to the cell wall around the flagellum (3, 4, 5, 6, 7) .
Each stator complex is composed of two proteins of MotB and four proteins of MotA (3, 8, 9) . MotB contains an extracellular peptidoglycan-binding domain that anchors the complex to the cell wall and a transmembrane domain with a titratable aspartate residue that is protonated during consumption of the proton motive force (10, 11, 12) . Protonation and deprotonation of MotB causes a conformational change in MotA, a multipass transmembrane protein with cytoplasmic loops critical for its function (9, 13, 14) . Conformational changes in the cytoplasmic loop domains of MotA are thought to promote molecular contacts with the gearlike rotor of FliG and impart torque on the flagellum (14, 15, 16) . Precisely how proton motive force consumption by MotB is converted into torque generation by MotA and FliG is still unclear, but many amino acids within these proteins have been identified both genetically and biochemically as being important for flagellar rotation (17, 18) . Flagellar rotation has been studied largely in the Gram-negative bacterium Escherichia coli, and here we characterize the conserved MotA and MotB flagellar stator proteins in the Gram-positive bacterium Bacillus subtilis. During the course of our study, we found that cells defective in the flagellar stator are not only nonmotile but also overproduce the secreted polymer poly-␥-glutamate (PGA) (19) . In B. subtilis, PGA secretion results in the production of a mucoid slime layer, whereas in Bacillus anthracis, PGA is retained to the cell surface as a capsule (20, 21, 22) . In both B. subtilis and B. anthracis, an operon of conserved biosynthetic genes (pgsBCA or capABC genes, respectively) is both necessary and sufficient for PGA synthesis (23, 24, 25, 26) . In addition, B. subtilis encodes PgdS (also known as YwtD), which depolymerizes PGA (27, 28) . Here, we show that a failure of proton conductance by the stator results in high-level synthesis and secretion of PGA, and we identify genetic determinants of PGA overproduction in strains with defective stators. Whereas some mutants that abolished PGA synthesis were defective in regulators of pgs expression, others were defective in flagellar filament assembly.
MATERIALS AND METHODS
Strains and growth conditions. B. subtilis strains were grown in LuriaBertani (LB) (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter) broth or on LB plates fortified with 1.5% Bacto agar at 37°C. When appropriate, antibiotics were included at the following concentrations: 10 g/ml tetracycline, 100 g/ml spectinomycin, 5 g/ml chloramphenicol, 5 g/ml kanamycin, and 1 g/ml erythromycin plus 25 g/ml lincomycin (mls). Isopropyl ␤-D-thiogalactopyranoside (IPTG; Sigma) was added to the medium at the indicated concentration when appropriate.
Swarm expansion assay. Cells were grown to mid-log phase at 37°C in LB broth and resuspended to an optical density at 600 nm (OD 600 ) of 10 in phosphate-buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 , pH 8.0) containing 0.5% India ink (Higgins). Freshly prepared LB containing 0.7% Bacto agar (25 ml/plate) was dried for 20 min in a laminar-flow hood, centrally inoculated with 10 l of the cell suspension, dried for another 10 min, and incubated at 37°C. The India ink demarks the origin of the colony, and the swarm radius was measured relative to the origin. For consistency, an axis was drawn on the back of the plate and swarm radii measurements were taken along this transect.
Colony images. Images were taken with a Leica EZ4D dissecting scope at 8ϫ zoom.
Transposon mutagenesis. To generate mutants of the ⌬motA strain that lost the mucoid colony morphology, the pMarA plasmid was introduced into strain DS7498 by SPP1 phage transduction (29) . Mutagenesis was performed on each isolate by growing cells in 2 ml LB broth supplemented with kanamycin at 22°C for 24 h. Cells were diluted serially to 10 Ϫ2 , 10 Ϫ3 , and 10 Ϫ4 , and 100 l of each dilution was plated on prewarmed LB plates fortified with 1.5% agar supplemented with kanamycin and grown at the nonpermissive temperature (42°C) overnight. Colonies that were flat or had wild-type colony morphology were restreaked onto LB plates supplemented with kanamycin to verify the colony morphology. To confirm that the transposon was linked to the suppressor mutation, a lysate was generated on the mutant and the transposon was transduced to the parent strain (motA DS7498).
Inverse PCR. Chromosomal DNA was isolated from each mutant, and 1 g of chromosomal DNA was digested with Sau3AI for 1 h. The digestion was then heat inactivated for 20 min, and 0.1 g of digested DNA was ligated using T4 DNA ligase at room temperature for 1 h. PCR was conducted using each of the ligation reaction mixtures as a template, primers 695/696, and Phusion polymerase (New England BioLabs). Each PCR was column purified (Qiagen PCR extraction kit) and sequenced using primer 696. The sequence CCAACCTGT marks the end of the Mariner transposon insertion sequence. The next two bases are TA, according to the mechanism of mariner transposition, and mark the beginning of the chromosomal DNA specific to the insertion site (adapted from Pozsgai et al. [114] ).
␤-Galactosidase assay. Since PGA production and pgs operon expression are improved at high cell density, cells were harvested at an OD 600 of approximately 1.5 (early stationary phase) to obtain ␤-galactosidase readings (30) . One ml of cells was harvested from cultures at an OD 600 of 1.5 and grown in LB broth at 37°C. Cells were resuspended in an equal volume of Z-buffer (40 mM NaH 2 PO 4 , 60 mM Na 2 HPO 4 , 1 mM MgSO 4 , 10 mM KCl, and 38 mM 2-mercaptoethanol). To lyse cells, lysozyme was added to each sample to a final concentration of 0.2 mg ml Ϫ1 and incubated at 30°C for 15 min. Each sample was then diluted in Z-buffer to a final volume of 500 l, and the reaction was started with 100 l of 4 mg ml Ϫ1 2-nitrophenyl ␤-D-galactopyranoside (in Z-buffer) and stopped with 250 l of 1 M Na 2 CO 3 . The OD 420 of the reaction mixture was measured, and ␤-galactosidase-specific activity was calculated using the equation [OD 420 /(time ϫ OD 600 )] ϫ dilution factor ϫ 1,000.
Strain construction. All constructs were first introduced into the domesticated strain DS2569 by natural competence and then transferred to the 3610 background using SPP1-mediated generalized phage transduction (31) . All strains used in this study are listed in Table 1 . All plasmids used in this study are listed in Table S1 in the supplemental material. All primers used in this study are listed in Table S2 .
In-frame deletions. To generate the ⌬motA in-frame markerless deletion construct, the region upstream of motA was PCR amplified using the primer pair 2401/2402 and digested with EcoRI and XhoI, and the region downstream of motA was PCR amplified using the primer pair 2403/2404 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated into the EcoRI and BamHI sites of pMiniMAD, which carries a temperature-sensitive origin of replication and an erythromycin resistance cassette to generate pEC1 (32) . The plasmid pEC1 was introduced to DS2569 by single crossover integration by transformation at the restrictive temperature for plasmid replication (37°C) using mls resistance as a selection. The integrated plasmid was then transduced into 3610. To evict the plasmid, the strain was incubated in 3 ml LB broth at a permissive temperature for plasmid replication (22°C) for 14 h, diluted 30-fold in fresh LB broth, and incubated at 22°C for another 8 h. Dilution and outgrowth was repeated 2 more times. Cells were then serially diluted and plated on LB agar at 37°C. Individual colonies were patched on LB plates and LB plates containing mls to identify mls-sensitive colonies that had evicted the plasmid. Colony PCR was used on mls-sensitive colonies using primer pair 2401/2404 to determine which colony retained the ⌬motA allele.
To generate pEC13 (⌬mfd), the region upstream of mfd was PCR amplified using the primer pair 2840/2841 and digested with EcoRI and BamHI, and the region downstream of mfd was PCR amplified using the primer pair 2842/2843 and digested with BamHI and SalI. The two fragments were then simultaneously ligated into the EcoRI/SalI sites of pMiniMAD. pEC13 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 2840/2843 to determine which isolate had retained the ⌬mfd allele.
To generate pEC14 (⌬comQ), the region upstream of comQ was PCR amplified using the primer pair 2844/2845 and digested with EcoRI and BamHI, and the region downstream of comQ was PCR amplified using the primer pair 2846/2847 and digested with BamHI and SalI. The two fragments were then simultaneously ligated into the EcoRI/SalI sites of pMiniMAD. pEC14 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 2844/2847 to determine which isolate had retained the ⌬comQ allele.
To generate pEC15 (⌬flgL), the region upstream of flgL was PCR amplified using the primer pair 2848/2849 and digested with KpnI and SalI, and the region downstream of flgL was PCR amplified using the primer pair 2850/2851 and digested with SalI and BamHI. The two fragments were then simultaneously ligated into the KpnI/BamHI sites of pMiniMAD. pEC15 was integrated into the B. subtilis PY79 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 2848/2851 to determine which isolate had retained the ⌬flgL allele.
To generate pEC25 (⌬pgsB), the region upstream of pgsB was PCR amplified using the primer pair 3043/3001 and digested with BamHI and XhoI, and the region downstream of pgsB was PCR amplified using the primer pair 3002/3003 and digested with XhoI and EcoRI. The two fragments were then simultaneously ligated into the EcoRI/BamHI sites of pMiniMAD. pEC25 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 3043/3003 to determine which isolate had retained the ⌬pgsB allele.
To generate pEC32 (⌬comX), the region upstream of comX was PCR amplified using the primer pair 3126/3127 and digested with EcoRI and XhoI, and the region downstream of comX was PCR amplified using the primer pair 3128/3129 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated into the EcoRI/BamHI sites of pMiniMAD. pEC32 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 3126/3129 to determine which isolate had retained the ⌬comX allele.
To generate pEC33 (⌬comP), the region upstream of comP was PCR amplified using the primer pair 3130/3131 and digested with EcoRI and XhoI, and the region downstream of comP was PCR amplified using the primer pair 3132/3133 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated into the EcoRI/BamHI sites of pMiniMAD. pEC33 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 3130/3133 to determine which isolate had retained the ⌬comX allele.
To generate pDP374 (⌬fliT), the region upstream of fliT was PCR amplified using the primer pair 2641/2642 and digested with EcoRI and XhoI, and the region downstream of fliT was PCR amplified using the primer pair 2547/2548 and digested with XhoI and BamHI. The two fragments were then simultaneously ligated into the EcoRI/BamHI sites of pMiniMAD. pDP374 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 2641/2548 to determine which isolate had retained the ⌬fliT allele.
To generate pMP196 (⌬degS), the region upstream of degS was PCR amplified using the primer pair 3899/3900 and digested with BamHI and NotI, and the region downstream of degS was PCR amplified using the primer pair 3901/3902 and digested with NotI and SalI. The two fragments were then simultaneously ligated into the BamHI/SalI sites of pMiniMAD. pMP196 was integrated into the B. subtilis DS2569 genome, transduced to strain 3610, and evicted as described above. Colonies were screened by PCR using primers 3899/3902 to determine which isolate had retained the ⌬degS allele.
Complementation constructs. To generate the P motA -motA motB complementation construct pEC6, a PCR product containing the motA motB coding region plus 500 bp of upstream sequence was amplified from B. subtilis 3610 chromosomal DNA using the primer pair 2471/2472, digested with BamHI and SalI, and cloned into the BamHI and SalI sites of pAH25 containing a polylinker and spectinomycin resistance cassette between two arms of the amyE (35) .
Inducible constructs. To generate the P hyspank -motA motB construct pEC10, a PCR product containing motA motB was amplified from 3610 chromosomal DNA using the primer pair 2773/2774, digested with SalI and NheI, and cloned into the SalI and NheI sites of pDR111 containing a spectinomycin resistance cassette, a polylinker downstream of the P hyspank promoter, and the gene encoding the LacI repressor between the two arms of the amyE gene (33) . The P hyspank -degQ construct (pEC20) was built similarly using primer pair 2957/2958.
Site-directed mutagenesis. To generate the P motA -motA motB D24N allele complementation construct pEC7, site-directed mutagenesis was performed using the QuikChange II kit (Stratagene) on pEC6, using the primer pair 2571/2572 to change codon 24 of motB from GAC (aspartate) to AAC (asparagine). The P motA -motA motB D24E allele complementation construct pEC8 was built similarly using the primer pair 2630/2631 to change codon 24 of motB from GAC (aspartate) to GAG (glutamate). Sequences were verified by sequencing with primers 1008/2623.
The P motA -motA R90H motB allele complementation construct pEC18 was built similarly using the primer pair 2914/2915 to change codon 90 of motA from CGC (arginine) to CAC (histidine). The P motA -motA R90G motB allele complementation construct pEC24 was built similarly using the primer pair 3008/3009 to change codon 90 of motA from CGC (arginine) to GGC (glycine). The P motA -motA P155T motB allele complementation construct pEC16 was generated similarly through site-directed mutagenesis of pEC6 using the primer pair 2918/2919 to change codon 155 of motA from CCG (proline) to ACG (threonine). The P motA -motA P155R motB allele complementation construct pEC17 was built similarly using the primer pair 2916/2917 to change codon 155 of motA from CCG (proline) to CGG (arginine). The P motA -motA P203T motB allele complementation construct pEC30 was built similarly using the primer pair 3012/3013 to change codon 203 of motA from CCT (proline) to ACT (threonine). The P motA -motA P203R motB allele complementation construct pEC27 was built similarly using the primer pair 3010/3011 to change codon 203 of motA from CCT (proline) to CGT (arginine). Sequences were verified by sequencing with primers 822/823/2465.
LacZ reporter constructs. To generate the ␤-galactosidase (lacZ) reporter construct pEC12, a 613-bp PCR product from the last gene of the pgs operon (pgsE) was amplified using B. subtilis 3610 chromosomal DNA with primers 2811/2812. The PCR product was digested with EcoRI and BamHI and cloned into the EcoRI and BamHI sites of plasmid pEX44, which carries a chloramphenicol resistance marker and a polylinker upstream of the lacZ gene (generous gift from Patrick Eichenberger).
To generate the ␤-galactosidase (lacZ) reporter construct pEC19, PCR product from the P pgdS promoter was amplified using B. subtilis 3610 chromosomal DNA with primers 2955/2956. The PCR product was digested with EcoRI and BamHI and cloned into the EcoRI and BamHI sites of plasmid pDG268, which carries a chloramphenicol resistance marker and a polylinker upstream of the lacZ gene between two arms of the amyE gene (34) .
Allelic replacement. The ⌬motPS::tet insertion deletion allele was generated by long flanking homology PCR (using primers 93/94 and 95/ 96), and DNA containing a tetracycline drug resistance gene (pDG1515) was used as a template for marker replacement (35, 36) .
The ⌬bslA::spec insertion deletion allele was generated by long flanking homology PCR (using primers 1535/1536 and 1537/1538), and DNA containing a spectinomycin drug resistance gene (pAH54) was used as a template for marker replacement.
SPP1 phage transduction. To 0.2 ml of dense culture grown in TY broth (LB broth supplemented after autoclaving with 10 mM MgSO 4 and 100 M MnSO 4 ), serial dilutions of SPP1 phage stock were added and statically incubated for 15 min at 37°C. To each mixture, 3 ml TYSA (molten TY supplemented with 0.5% agar) was added, poured atop fresh TY plates, and incubated at 37°C overnight. Top agar from the plate containing nearly confluent plaques was harvested by scraping into a 50-ml conical tube, vortexed, and centrifuged at 5,000 ϫ g for 10 min. The supernatant was treated with a final concentration of 25 g/ml DNase I before being passed through a 0.45-m syringe filter and stored at 4°C.
Recipient cells were grown to stationary phase in 2 ml TY broth at 37°C. Cells (0.9 ml) were mixed with 5 l of SPP1 donor phage stock. Nine ml of TY broth was added to the mixture and allowed to stand at 37°C for 30 min. The transduction mixture was then centrifuged at 5,000 ϫ g for 10 min, the supernatant was discarded, and the pellet was resuspended in the remaining volume. One hundred l of cell suspension was then plated on TY fortified with 1.5% agar, the appropriate antibiotic, and 10 mM sodium citrate.
RESULTS
MotA and MotB are required for motility. The B. subtilis genome contains two sets of cooriented dicistrons encoding protein pairs MotA/MotB and MotP/MotS, which are homologous to those that encode the flagellar stator of E. coli (Fig. 1A) . Although MotA/ MotB has been shown to be required for swimming motility of domesticated laboratory strains, some bacteria encode multiple stator complexes specifically dedicated to swarming over surfaces (37, 38, 39, 40, 41) . To determine if one or both stator homologs were required for motility of the ancestral strain of B. subtilis, antibiotic marker replacement mutations were generated for each pair. Whereas strains that lacked motP and motS exhibited swimming and swarming like the wild type, strains that lacked motA and motB were abolished for both forms of motility ( Fig. 1B ; also see Fig. S1 in the supplemental material). Prolonged incubation of the motAB double mutant did not yield suppressor mutations that restored motility. We conclude that MotA and MotB are required for motility and that there are no redundant systems in B. subtilis that can compensate for their absence. Separate in-frame markerless deletion mutations of either motA or motB gave nonmotile phenotypes similar to that of the motAB double mutant (Fig. 1C and D) . To confirm that loss of motility was a direct consequence of the loss of motA and motB, each mutant was complemented by incorporating a copy of the wild-type allele at an ectopic locus in the chromosome. Since motA and motB have overlapping reading frames, both genes were cloned downstream of the native promoter (P motA ) and inserted into the ectopic amyE site to generate the complementation construct (amyE::P motA -motAB). Introduction of the P motA -motAB complementation construct into either the motA or motB deletion mutant restored swarming motility to levels comparable to that of the wild type ( Fig. 1C and D) . We conclude that both MotA and MotB are required for B. subtilis motility and that loss-of-function mutations in either protein can be complemented when the corresponding gene is provided in trans.
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MotA and MotB of B. subtilis contain conserved residues that are required for flagellar function in E. coli ( Fig. 1A and E) . In E. coli MotB, aspartate 32 is critical for interacting with a proton in the stator channel during energy transduction (11, 14) . The corresponding residue in B. subtilis, aspartate 24 (D24), was mutated to either asparagine (D24N) or glutamate (D24E) in the complementation construct (amyE::P motA -motA motB D24N/E ). Consistent with a requirement for aspartate 24 , the mutated alleles of MotB D24N or MotB D24E failed to restore motility to a motB mutant (Fig. 1F) . Prolonged incubation of these mutants, however, yielded three suppressor mutations that restored motility to levels comparable to that of the wild type. The suppressor of MotB D24N was a direct revertant to the original aspartate codon (AACϾGAC), and two independently isolated suppressors of MotB D24E were pseudorevertants that restored the aspartate residue via an alternative codon (GAGϾGAT) ( Table 2 ). We conclude that MotB residue aspartate 24 is required for MotB stability or function. In E. coli, MotA residue arginine 90 (R90) interacts with the FliG rotor to generate flagellar rotation (17, 18) . The corresponding residue in B. subtilis MotA, arginine 90 , was mutated to either glycine (MotA R90G ) or histidine (MotA R90H ) in the complementation construct, and both mutations failed to restore motility to a motA mutant (Fig. 1G) . Prolonged incubation of these mutants, however, yielded three suppressor mutations of MotA R90H that restored motility to levels comparable to that of the wild type. All three suppressors were revertants to the original arginine codon (CGCϾGAC) ( 222 ) to arginine abolished swarming motility, but mutating either residue to threonine did not (Fig. 1H and I) . Only one suppressor mutation was isolated from the alleles with mutated prolines, and MotA P155R experienced a reversion (CGGϾCCG) to the original proline codon (Table 2) . Similar null and partial phenotypes were observed in E. coli when the conserved prolines were mutated to arginine and threonine, respectively (17) . We conclude that proline 155 and proline 203 are required for either MotA stability or function. When one is mutated, it causes a severity of defect that depends on the residue to which the proline is mutated.
Mutation of the flagellar stator proteins increases PGA synthesis. While studying the motility phenotype of the motor protein mutants, we observed that the motA and motB mutants formed large, mucoid colonies ( Fig. 2A) . Often there appeared to be a dull-looking skin on top of the colony that obscured the mucoid material, but probing with a toothpick revealed extensive mucoidy underneath. Due to its viscous extracellular nature, we hypothesized that the mucoid material was the result of one or more of the following substances: extracellular polysaccharide (EPS), the lipopeptide surfactin, a secreted protein polymer, and/or poly-␥-glutamate (PGA). To determine the composition of the mucoid material, we combined mutations in motA with mutations in epsH, encoding an enzyme required for EPS production; srfAA, encoding an enzyme required for surfactin production; tasA, encoding an extracellular EPS-organizing protein; bslA, encoding a secreted hydrophobin; or pgsB, encoding an enzyme required for PGA production (25, 42, 43, 44, 45, 46, 47) . The motA tasA and motA srfAA double mutants exhibited extensive mucoidy underneath a skin-like substance comparable to the motA single mutant (Fig. 2B) . In contrast, the motA epsH and motA bslA mutants were highly mucoid but lacked the skin-like colony cover (Fig. 2B) . Lastly, the motA pgsB double mutant that abolished PGA was nonmucoid (Fig. 2B) . Our results are consistent with another recent report that demonstrated PGA-dependent mucoidy in flagellar stator mutants (48) . We conclude that EPS and BslA were components of the surface skin and that PGA overproduction was responsible for mucoidy in the mot deletion mutants.
PGA overproduction was also observed in the MotA and MotB loss-of-function point mutant alleles. Cells mutated for the MotB proton-conducting aspartate residues, MotB D24N and MotB D24E , had mucoid colony morphology, whereas the MotB revertants both restored motility and abolished mucoidy (Fig. 2C) . Similarly, the MotA R90H , MotA P115R , and MotA P203R mutants both abolished motility and conferred mucoidy, whereas the MotA revertants retained motility and exhibited a nonmucoid colony morphology (Fig. 2D) . Finally, the MotA P155T and MotA P203T mutants that retained motility also exhibited a nonmucoid colony morphology (Fig. 2D) . Thus, each mutant that was severely defective in motility also resulted in PGA overproduction. We infer that the role of MotA and MotB in the regulation of PGA synthesis is dependent on their presence or function, being related either to proton flow, the conformational changes of the stator complex, or flagellar rotation.
PGA overproduction was also observed in mutants defective in flagellar basal body assembly, including mutations in the fliF gene, encoding the FliF basal body base protein, and the fliG gene, encoding the FliG rotor, which physically transduces force from MotA to the rotation of FliF (Fig. 2E) . Mutations in fliF and fliG could confer a mucoid phenotype due to a failure to express motA and motB, because defects in basal body assembly result in inhibition of the D alternative sigma factor that directs motA and motB transcription (37, 49) . Consistent with a defect in motA and motB expression, mucoidy was also observed for an in-frame markerless deletion of the sigD gene, encoding D (Fig. 2E) . To test whether defects in motA and motB expression were sufficient to explain the mucoid phenotype of basal body mutants, the motAB operon was cloned downstream of the artificial IPTG-inducible P hyspank promoter and inserted at the ectopic amyE locus (amyE::P hyspankmotA motB). Colony morphology assays were conducted in cells wild type for EpsH and cells mutated for epsH to remove the surface skin so that mucoidy could be more easily observed. Artificial induction of motA and motB by IPTG reduced mucoidy in the motA and sigD mutant backgrounds but did not reduce mucoidy in the fliF and fliG mutant backgrounds (Fig. 2E) . We conclude that PGA overproduction results as a failure of stator conductance that can be caused by mutation of either the stator or the rotor components of the flagellar motor.
Transposon mutagenesis identifies regulators of PGA production in motor mutants. Flagella motor proteins have only recently been associated with PGA production, and the relationship between the two is neither evident nor well understood based on the genetic analysis thus far (48) . To find regulators of PGA production, mariner transposon mutagenesis was conducted in a ⌬motA mutant, and over 16,000 colonies were screened for a lossof-mucoidy phenotype. Twenty-seven nonmucoid colonies were independently isolated, and all mutants were backcrossed using SPP1-mediated generalized transduction into the motA parent to ensure that the loss-of-mucoidy phenotype was inseparably linked to the transposon insertion. The location of each transposon insertion was identified (Fig. 3A) . In-frame markerless deletions were generated in a motA background to further validate genes found to be disrupted by a transposon insertion (Fig. 3B) . In addition, each mutant was also mutated for epsH to abolish the colony skin so that the presence or absence of mucoidy could be more easily observed (Fig. 3B) . One of the 27 mutants directly disrupted PGA synthesis by an insertion in pgsB (Tn⍀DS8657), whereas the remaining 26 insertions were located outside the pgs operon and were organized into 3 conceptual classes (Table 3) .
Class 1 transposon insertions that abolished mucoidy in a motA mutant disrupted genes involved in the biogenesis of the flagellar filament (Fig. 3 and Table 3 ). Four insertions disrupted fliD, encoding the FliD filament cap that serves as an extracytoplasmic chaperone required for polymerization of flagellin into the helical filament (50, 51, 52) . Two insertions disrupted fliT, encoding FliT, a protein thought to act as a cytoplasmic chaperone for the secretion of FliD (53, 54 images are of cultures grown overnight at 37°C. A plus sign is included in the upper right corner to indicate our interpretation that the colony was mucoid. Sometimes, the mucoidy was concealed under a skin-like material and could be better observed when the colony was probed with a toothpick. The following strains were used to generate this figure: wild type (3610), motA (DS7498),
, and motA (motA P203T ) (DS9763) (D); motA (DS7498), motA P hyspank -motAB (DK1273), motA epsH (DK1360), motA epsH P hyspank -motAB (DK1361), fliF (DS7080), fliF P hyspank -motAB (DS9875), fliF epsH (DK1351), fliF epsH P hyspank -motAB (DK1352), fliG (DS7357), fliG P hyspank -motAB (DS9874), fliG epsH (DK1353), fliG epsH P hyspank -motAB (DK1354), sigD (DS6420), sigD P hyspank -motAB (DS8644), sigD epsH (DK1349), and sigD epsH P hyspank -motAB (DK1350) (E).
encoding FlgL, a protein predicted to form the hook-filament junction upon which the FliD cap is assembled in Salmonella enterica (55, 56, 57) . Thus, the class 1 mutants appeared to be related to FliD, in that FliD itself was disrupted and FliT and FlgL are required for FliD secretion and assembly, respectively.
Six class 2 transposon insertions disrupted the gene mfd, encoding Mfd, a protein involved in transcription-coupled DNA repair, the process by which lesions are repaired on the template strand of expressed genes at a higher frequency than lesions on the coding strand of the same gene ( Fig. 3 and Table 3 ) (58) (59) (60) (61) (62) . Mfd interacts with RNA polymerase stalled at a damaged base, dissociates RNA polymerase from the DNA template, and recruits the DNA excision repair complex (63) (64) (65) (66) . Recently, Mfd was also found to release RNA polymerase when stalled by a head-on collision with DNA polymerase in the replication fork (67, 68) . Finally, in B. subtilis Mfd has been shown to play a regulatory role by resolving RNA polymerase stalled at cis elements, including highaffinity binding sites for DNA binding repressor proteins (69, 70) . How Mfd increases PGA synthesis in the absence of MotA/MotB is unknown; however, we infer that the resolution of stalled RNA polymerase by Mfd plays a role.
Class 3 transposon insertions disrupted genes involved in transcriptional gene regulation (Fig. 3 and Table 3 ). One transposon insertion disrupted codY, encoding CodY, a pleiotropic transcriptional repressor that represses genes required for stationary phase and sporulation (71, 72, 73) . Eight transposon insertions disrupted the ComQXP quorum-sensing regulatory system involved in cell density-dependent induction of genes required for surfactant biosynthesis and genes required for natural competence (74, 75) . The secreted ComX pheromone peptide is modified by ComQ and detected by the ComP two-component histidine kinase and cognate ComA response regulator (76) (77) (78) (79) . Finally, four transposon insertions disrupted the soluble DegS/DegU twocomponent system that regulates diverse processes, including competence, biofilm formation, degradative enzymes, motility, and PGA production (80) (81) (82) (83) (84) (85) (86) (87) (88) .
One way in which PGA production might be regulated is by altering expression of pgdS (also known as ywtD), encoding PgdS, an enzyme that antagonizes accumulation of PGA by depolymerization (27) . To determine if PGA degradation was differentially regulated, the promoter of pgdS (P pgdS ) was fused to lacZ and integrated at the ectopic amyE locus in the various mutant backgrounds (amyE::P pgdS -lacZ). Cells mutated for motA had a slightly reduced expression of pgdS compared to the wild type (Fig. 4A) . As a control, expression of pgdS was reduced to background levels in cells mutated for D (sigD), the sigma factor that directs pgdS expression (Fig. 4A) . We infer that the slight decrease in the expression of the PgdS enzyme that degrades PGA does not account for the seemingly dramatic increase in PGA production in the motA mutant. Furthermore, simultaneous mutation of motA and any of the mutations that abolished mucoidy did not substantially increase pgdS expression (Fig. 4A) . We infer that an increase in PgdS expression does not account for the loss of mucoidy in the motA double mutants. Another way in which PGA production may be regulated is by altering expression of the pgs operon encoding the enzymes that synthesize PGA. To measure expression of the pgs operon, a transcriptional fusion to the lacZ gene encoding ␤-galactosidase was Campbell integrated downstream of the pgs operon at the native site in the chromosome (pgsE⍀lacZ). Transcription of the pgs operon was very low in the wild type but increased almost 4-fold when motA was mutated (Fig. 4B) . Cells mutated for motA and pgsB, mfd, codY, comQ, comX, comP, degS, or degU reduced expression of the pgs operon to levels equivalent to or lower than that for the wild-type cells (Fig. 4B) . We infer that the almost 4-fold increase in pgs operon expression is at least partly responsible for mucoidy in the motA mutant and that reduction of pgs operon expression explains the loss of mucoidy in the aforementioned mutants. In contrast, cells mutated for motA and fliD, fliT, or flgL did not reduce expression of the pgs operon (Fig. 4B) . We infer that disruptions in genes related to FliD filament cap assembly reduce PGA overproduction by an alternative mechanism.
Expression of the pgs operon is activated by phosphorylated DegU (DegU-P) that binds upstream of the P pgsB promoter (87) . DegQ is a ComPA-regulated protein that enhances the phosphorylation of DegU by DegS (85, 89, 90, 91) . To test epistatic relationships to DegU, the gene encoding DegQ, degQ, was cloned downstream of the IPTG-inducible P hyspank promoter integrated at the ectopic amyE site in the mutant backgrounds that reduced production of PGA (amyE::P hyspank -degQ). Induction of DegQ by IPTG restored mucoidy to many of the motA double mutants (Fig.  3B) . Only three of the mutants did not regain mucoidy in the presence of IPTG: pgsB, which is required for PGA synthesis, and degS and degU, which encode the DegS and DegU two-component system through which DegQ is thought to act (85, 90, 91) . We conclude that DegS and DegU are likely the most downstream regulators in pgs operon expression, as increased activity of the two-component system can override the other mutants defective in PGA production.
DISCUSSION
Flagellar rotation is powered by the consumption of an ion motive force through membrane-bound stator complexes (2) . Stator association with the flagellum is dynamic, and paralogous stators may be substituted, for example, during the transition from swimming to swarming motility of Pseudomonas aeruginosa (3, 8, 38, 40, 92) . Bacillus subtilis swims in liquid media and swarms atop solid surfaces, and it encodes two sets of proteins, MotA/MotB and MotP/MotS, that resemble the flagellar stator (37, 39) . Here, we show that the MotA/MotB complex is required for motility but the MotP/MotS complex is not. MotA and MotB are coexpressed with flagellar genes, and we show that mutating conserved resi- subtilis not only abolished motility but also increased PGA synthesis, resulting in a mucoid colony phenotype. PGA is a secreted homopolymer of glutamate in which the amino group of the amino acid backbone forms a peptide bond with the side chain carboxyl group of another residue (20) . In B. anthracis, PGA is a cell-associated capsule required for virulence, whereas in B. subtilis, PGA is a slime layer of unknown function that is required for some forms of biofilm formation (44, 90, 95) . Whatever the mechanistic role of PGA, we infer it is related to the hygroscopic and viscous properties of the material. Why production of PGA would be inhibited by the flagellar stator is unknown.
Inhibition of PGA synthesis by the flagellar stator appears to be due, at least in part, to transcriptional gene regulation, as cells mutated for motA experienced a roughly 4-fold increase in pgs operon expression (Fig. 4B and Fig. 5 ). Consistent with previous reports, mutation of the DegS/DegU two-component systems abolished mucoidy in a motA background and reduced pgs expression to background levels (85, 87, 91) . Transcription of pgs was similarly reduced when a motA background was also mutated for the Com quorum-sensing system, CodY, a nutrition-responsive transcription factor, or Mfd, a transcription-coupled DNA repair protein (62, 71, 89) . DegU appears to be the most downstream regulator of pgs expression, as mutants defective in ComQXP, CodY, and Mfd were bypassed by artificial expression of DegQ. How the proteins that act upstream of DegU integrate to control mucoidy is unknown, and it is not clear whether these proteins also regulate the other DegU targets. Finally, the input for the soluble kinase DegS that phosphorylates DegU is unknown, but at least two reports have suggested that DegS activation has something to do with flagellar assembly and/or function (48, 88) .
Disruptions of three proteins involved in flagellar filament assembly, FlgL, FliT, and FliD, were also found to abolish mucoidy in a flagellar stator mutant background ( Fig. 3B and 5 secreted by the flagellar basal body with the aid of the putative chaperone FliT and loaded onto the hook-filament junction protein FlgL (51, 53, 54, 56, 57) . Once loaded, FliD is the flagellar cap that chaperones flagellin for filament polymerization (50, 52) . Recently, the structural protein flagellin has been shown to play a direct role in its autoregulation; thus, FliD may also be regulatory (96) . FliD could be the input to DegS, but this seems unlikely, as mutation of fliD, flgL, or fliT in the motA background did not phenocopy the degS mutant for pgs operon expression. In S. enterica, the FliD chaperone FliT has a second function in which it directly antagonizes the master activator FlhDC to inhibit flagellar basal body gene expression (97) . B. subtilis, however, does not encode FlhDC, and the function of FliT is unknown. Ultimately, the roles of FliD, FlgL, and FliT in the activation of PGA are unclear, save that they appear to act by a different mechanism than the other transcriptional regulators, as their presence or absence seems to have no effect on the expression of the PGA synthesis or turnover genes. We note that similar insertions (flgK, fliD, and fliT) were identified previously in a screen for mutations that increased D -dependent gene expression (98) . D -dependent gene expression controls PGA production at multiple levels, and cells mutated for D are mucoid ( Fig. 2E and  5) .
D directs the expression of both the newly identified inhibitors (MotA and MotB) and enhancers (FliD, FlgL, and FliT) of PGA synthesis such that mutation of the gene encoding D (sigD) seems to be neutralizing with respect to PGA. D , however, also activates the expression of the PGA-hydrolyzing enzyme PgdS, and we suspect that the sigD mutant is mucoid, because the reduction of PgdS permits accumulation of however little PGA is made (Fig. 4) (93) . A lack of PgdS expression may also account for why artificial expression of motA and motB reduces but does not completely inhibit PGA accumulation in the sigD background (Fig.  2E) . In contrast, artificial expression of motA and motB in cells mutated for either the FliF or FliG basal body proteins does not appear to cause any reduction in mucoidy. We infer that assembling MotA and MotB onto the basal body, made in part of FliF and FliG, is required for proton conductance and subsequent torque; thus, our data support the recent proposition that flagellar rotation inhibits PGA synthesis (48) .
The inhibition of flagellar rotation has been shown to have regulatory consequences in various bacteria. For example, impedance on the sodium-driven polar flagellum induces the expression of proton-driven peritrichous (lateral) flagella during swarming in Vibrio parahaemolyticus (99) (100) (101) (102) . Similarly, the single flagellar system of swarming Proteus mirabilis is thought to be activated by surface contact sensing through a protein that may interact with the flagellar motor (103) (104) (105) (106) . Besides control over flagella themselves, flagellum-dependent regulation in response to surface contact has been shown to control virulence gene expression (107, 108) . Here, we find that inhibition of the B. subtilis flagellar stator leads to the production of an extracellular polymer, perhaps akin to the way the inhibition of flagellar rotation of Caulobacter crescentus leads to production of the adhesive holdfast polysaccharide (109) . How flagellar rotation is being sensed is not known for any system, but recent reports have suggested that the number of stators associated with the flagellum increases with increasing rotational resistance experienced upon surface contact (110, 111) . We however note that models invoking an increase in stator association and, therefore, proton conductance seem unlikely to explain how loss-of-conductance mutants cause mucoidy in B. subtilis.
Why and how the B. subtilis flagellar stator regulates PGA synthesis is unknown, but PGA overproduction is practical. PGA is a side product in the fermentation of soybeans and other food products and is a useful polymer for biomedical and industrial applications as a food additive, metal chelator, gelling agent, adjuvant, or adhesive (112, 113) . Efforts have been made to improve PGA yields from B. subtilis strains, and mutation of the flagellar stator is one potential improvement. In fact, many strains of B. subtilis subspecies natto used for soybean fermentation due to their high PGA yields are also nonmotile. Our work suggests that the relationship of a lack of motility to enhanced PGA synthesis is causal rather than coincidental.
